Absorbance and fluorescence phenomena have been the most basic principles for the detection technique in an instrumental analysis. Also, chemiluminescence (CL), which has a profound relationship to their detection principles, has received much attention as an attractive detection technique. CL detection has the followings characteristics: highly sensitive, determinable over a wide range, easy to operate, and inexpensive apparatus and reagent. It has been used in FIA, HPLC, 1-4 and capillary electrophoresis. [5] [6] [7] [8] [9] Recently, CL detection is also estimated to be one of the most matched detection methods to the micro total analysis system (µ-TAS), because CL does not require any light source or spectroscopes. 10, 11 The CL from synthetic compounds, including luminol, peroxyoxalate ester, ruthenium complex, lophine derivative, acridinium ester, and adamantyldioxetane compound, have been known for a long time, and many analytical applications of them have been reported. [12] [13] [14] The CL emitted by luminol is remarkably enhanced by a catalyst, such as metal ions. 15 This has been used for the determination of small amounts of metal ions and their complexes. The reaction of peroxyoxalate reagents, such as bis(2,4,6-trichlorophenyl)oxalate (TCPO) and H2O2, induces CL through energy transport to co-existing fluorescence compounds. 16 The peroxyoxalate CL reaction, which can detect fluorescence-labeled compounds, is useful and attractive in CL analyses, because the labeling for fluorescence methods has been widely investigated and the technique can be easily applied for CL detection using peroxyoxalate reagents.
Introduction
Absorbance and fluorescence phenomena have been the most basic principles for the detection technique in an instrumental analysis. Also, chemiluminescence (CL), which has a profound relationship to their detection principles, has received much attention as an attractive detection technique. CL detection has the followings characteristics: highly sensitive, determinable over a wide range, easy to operate, and inexpensive apparatus and reagent. It has been used in FIA, HPLC, [1] [2] [3] [4] and capillary electrophoresis. [5] [6] [7] [8] [9] Recently, CL detection is also estimated to be one of the most matched detection methods to the micro total analysis system (µ-TAS), because CL does not require any light source or spectroscopes. 10, 11 The CL from synthetic compounds, including luminol, peroxyoxalate ester, ruthenium complex, lophine derivative, acridinium ester, and adamantyldioxetane compound, have been known for a long time, and many analytical applications of them have been reported. [12] [13] [14] The CL emitted by luminol is remarkably enhanced by a catalyst, such as metal ions. 15 This has been used for the determination of small amounts of metal ions and their complexes. The reaction of peroxyoxalate reagents, such as bis(2,4,6-trichlorophenyl)oxalate (TCPO) and H2O2, induces CL through energy transport to co-existing fluorescence compounds. 16 The peroxyoxalate CL reaction, which can detect fluorescence-labeled compounds, is useful and attractive in CL analyses, because the labeling for fluorescence methods has been widely investigated and the technique can be easily applied for CL detection using peroxyoxalate reagents.
Tris(2,2′-bipyridine)ruthenium(II) ion (Ru(bpy)3 2+ ) has also been utilized as a CL reagent, where Ru(bpy)3
3+
, which is obtained electrochemically, oxidizes various organic amines. 17 The oxidant, Ru(bpy)3
, generally reacts best with tertiary, next with secondary, and with primary alkyl amines. The CL reaction was utilized to determine antibiotic compounds, like erythromycin and clindomycin, which both possess reactive tertiary amine groups. 18, 19 However, compared to absorption and fluorescence detections, it is possible that CL detection lacks generality in its use. In order to solve this problem, many scientists have tried to synthesize novel CL reagents and to explore more effective analytical conditions. 2 New reaction phases or interfaces to change the CL property also been introduced into the CL reaction for a trace analysis of metal ions, H2O2, dyestuffs, etc. 20, 21 The local microenvironment in ordered surfactant assemblies, such as micelles, reversed micelles, and bilayer membranes, resulted in significant improvements in the analytical performance of CL reaction systems. For example, the CL mechanism in 1,10-phenanthroline (phen) oxidation during the catalytic decomposition of H2O2 was reported in 1982 by Fedorova et al., 22 and Ishii et al. found out micellar enhanced CL using phen-H2O2-cetyltrimethylammonium bromide (CTAB) system to determine Cu(II) at the sub-picogram level. 23 We studied a specific liquid-solid interface chemistry using polymer particles as a functional material. The CL properties of luminol-H2O2-Cu(II) as well as peroxyoxalate-H2O2-dyestuff systems were examined in the presence of polymer particles with diameters of sub-micrometer order. 24, 25 The enhanced CL was then observed through the reactions between chemical species on specific interfaces. The obtained results provided important information concerning analytical applications of the CL reaction in an emulsion. Porphyrin complex at a liquidsolid interface was also utilized for a CL sensor of chloride ion and of adrenaline in a solution. 21, 26 As an original attempt, in order to expand the use of the conventional CL reagents, we proposed a double-featured CL reagent prepared through a mixing procedure in a previous paper. 27 Both luminol and TCPO were dissolved in methanol together with H2O2 to prepare a double-featured CL reagent solution. The analytical system using the double-featured CL reagent solution could detect both a metal complex and a fluorescence compound. The system was also applied to the detection of a dyestuff-labeled heme protein with high sensitivity.
Although the analytical conditions must be examined in detail, the data given there initiated a need to think about new uses and applications of the CL reaction.
In this study, we developed an FIA system equipped with a CL detector using a new mixed CL reagent of luminol and phen for the detection of metal ions and metal complexes. 
Experimental

Reagents
All of the reagents used were commercially available and of special grade. Ion-exchanged water was distilled before use. Luminol, phen, K3[Fe(CN)6], K4[Fe(CN)6], CuSO4, NiCl2, hematin, and CTAB were purchased from Nacalai Tesque, Inc.
[Co(NH3)4(H2O)2]2(SO4)3 was prepared by a procedure reported before. 28 Mixed CL reagent solutions were prepared by dissolving luminol and phen in a 100 mM phosphate buffer (pH 10.0) together with CTAB to give the following final concentrations: Mixed CL reagent I (luminol:phen = 2:1); 0.4 mM luminol, 0.2 mM phen, and 5 mM CTAB as well as Mixed CL reagent II (luminol:phen = 1:2); 0.2 mM luminol, 0.4 mM phen, and 5 mM CTAB.
Apparatus and procedures
A schematic diagram for the FIA using the mixed CL reagent solutions is shown in Fig. 1 . The tube (0.5 mm i.d.) and connector used were made of Teflon. The carrier (100 mM phosphate buffer; pH 10.0), mixed CL reagent (100 mM phosphate buffer; pH 10.0) comprising luminol, phen, and CTAB, and 5 mM H2O2 aqueous solutions were fed by corresponding pumps at a flow rate of 1.0 ml min -1 . Mixed CL reagent and H2O2 solutions were first mixed and the resulting mixture solution was combined with a carrier solution. A sample solution of 50 µl was injected into a carrier solution by using a six-way cook and sampling loop. The CL intensity of the solution passing through a spiral detection cell (ca. 1.5 mm i.d. and ca. 50 cm length) was measured by a photomultiplier tube in a CL detector (TOA; ICA-3070).
Results and Discussion
Preparation of mixed CL reagent solutions using luminol and phen
Luminol and phen are generally dissolved in an aqueous alkaline solution for CL analyses. Their concentrations are at the 10 -4 -10 -3 M level together with almost an equimolar concentration of H2O2. 15 The cationic surfactants, such as CTAB, are used to induce micellar enhanced CL for the phen reagent. 23, 29 Referring to previous reports using individually luminol 1, 15 and phen, 30 mixed CL reagent solutions were prepared as described in the experimental section. We prepared two types of mixed CL reagent solutions, which were called Mixed CL reagent I and Mixed CL reagent II.
CL peak performance in the present mixed CL reagent solutions
Sample 
Response of hematin, [Co(NH3)4(H2O)2]2(SO4)3, CuSO4, and NiCl2
First, the positive CL due to hematin, [Co(NH3)4(H2O)2]2(SO4)3, CuSO4, and NiCl2 solution is described here. The relationships between these sample concentrations and the CL intensities (peak heights) are shown in Fig. 2 . Plots of the CL intensities vs. the sample concentrations on log-log graph resulted in good linearities with correlation coefficients > 0.997, expect for the CuSO4 solution. The CuSO4 solution indicated a sigmoidal-like curve, which was also observed in a previous study. 15 As an example, the CL profiles of hematin are shown in Fig. 3 . The analysis in the present FIA system was performed at a rate of about 30 samples per hour with a relative standard deviation (n = 10) of less than 5%. From the above data, the order of the catalytic activity of the samples for Mixed CL reagent I was [Co(NH3)4(H2O)2]2(SO4)3 hematin > CuSO4 > NiCl2. That for Mixed CL reagent II was also [Co(NH3)4(H2O)2]2(SO4)3 > hematin > CuSO4 > NiCl2. The orders of the catalytic activity were not different between Mixed CL reagent I and II, although the effect of the molar ratio of luminol and phen on the catalytic activity in mixed CL reagent solutions was observed in the relationships between the sample concentrations and the CL intensities, as shown in Fig.  2 . When using the conventional CL reagent individually, luminol shows mostly the order of the catalytic activity, hematin > Co(II) > Cu(II) > Ni(II), 15, 31, 32, 33 and phen shows Cu(II) Co(II), Ni(II), and other metal ions. 23, 29 The order of the catalytic activity obtained with mixed CL reagent solutions seemed to be different from that of the conventional individual CL reagent.
Response of K3[Fe(CN)6] and K4[Fe(CN)6]
K3 When using Mixed CL reagent II, a K3[Fe(CN)6] solution was determined over the range of 1 × 10 -8 -2 × 10 -6 M with a detection limit of 1 × 10 -8 M (relative standard deviation < 5%), and K4[Fe(CN)6] solution was determined over the range of 2 × 10 -8 -4 × 10 -6 M with a detection limit of 2 × 10 -8 M (relative standard deviation < 5%). In a previous study, 34 K3 [Fe(CN)6] could be determined over the range of 1 × 10 -7 -1 × 10 -5 M by the FIA system using the luminol-H2O2 CL reaction through a detailed investigation of the analytical conditions. The sensitivity of K3[Fe(CN)6] in the present study was superior to that in the previous one.
It is emphasized that K4[Fe(CN)6] could be determinably and sensitively detected with the CL method for the first time. K3[Fe(CN)6] and K4[Fe(CN)6] solutions were similarly determined with their negative peak; their analytical performances were almost the same in the determinable range, detection limit, reproducibility, and measurement rate. Such a unique performance was demonstrated with the present FIA system using the mixed CL reagent solution, which has never been observed in a conventional individual CL reagent.
Consideration of negative peak
The background CL levels when using mixed CL reagent solutions were much higher than those when using the individual CL reagent solution of luminol or phen. Consequently, luminol and phen may react more effectively with O 2-· to form peroxide compounds as intermediates. 36, 37 The intermediates decompose via exoenergic routes producing emitters. The high excitation efficiency of the peroxide decomposition in the less polar environment of the micellar surfaces brings about a CL enhancement in the background CL level. Such a way must lead to the high background CL level in the present FIA using mixed CL reagent solutions. The high background CL was observed when using only mixed CL reagent solutions. When using an individual CL reagent of luminol, the radical anion O 2-· induces little owing to the absence of the catalyst complexes between metal ions and phen, and when using the individual CL reagent of phen the dioxetane intermediate derived from phen may not produce sufficiently owing to few metal ions, which promote catalytic activity for the phen CL reaction, except for Cu(II).
[Fe(CN)6] 3-and [Fe(CN)6] 4-as polyanion complexes also easily migrate on the positively charged micellar interface formed with CTAB. Also, there may be a possibility that they compete with the other anion O 2-· in concentration on the micellar interface and interrupt the reaction between the anion O 2-· and the CL reagents (luminol and phen). This interruption might cause negative peaks, as shown in Fig. 4 . At the present stage, however, it is impossible to discuss quantitatively the interruption interaction on the positively charged micellar interface. In conclusion, mixed CL reagent solutions were prepared by dissolving luminol and phen in an aqueous alkaline solution together with CTAB, and the FIA system for measuring metal ions and complexes was developed by using mixed CL reagent solutions. A unique performance, which has never been observed in the conventional individual CL reagent solution of luminol or phen, was discovered over relatively wide molar ratios of luminol and phen. 
